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acre 0.004047 square kilometer (km2) 

square foot (ft2)  0.09290 square meter (m2) 

square mile (mi2) 259.0 hectare (ha) 

square mile (mi2)  2.590 square kilometer (km2)  

Volume 

cubic foot (ft3)  0.02832 cubic meter (m3)  

Flow rate 

cubic foot per second (ft3/s)  0.02832 cubic meter per second (m3/s) 

 

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 

°F=(1.8×°C)+32 
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°C=(°F-32)/1.8 

Vertical coordinate information is referenced to the insert datum name (and abbreviation) here for instance, ñNorth American Vertical Datum 
of 1988 (NAVD 88).ò 

Horizontal coordinate information is referenced to the insert datum name (and abbreviation) here for instance, ñNorth American Datum of 
1983 (NAD 83).ò 
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Evaluating the Effect of the North Delta Diversion on Flow 
Reversals and Entrainment of Juvenile Chinook Salmon 
into Georgiana Slough and the Delta Cross Channel 

By Russell W. Perry, Jason G. Romine, Adam C. Pope, and Scott D. Evans 

Executive Summary 

The California Department of Water Resources and US Bureau of Reclamation propose new 

water intake facilities on the Sacramento River that would route water through tunnels rather than 

through the Sacramento-San Joaquin Delta.  The collection of water intakes, tunnels, pumping facilities, 

associated structures, and proposed operations are collectively referred to as California Water Fix (ICF 

International, 2016).  The water intake facilities, referred to here as the North Delta Diversion (NDD), 

are proposed to be located on the Sacramento River downstream of the city of Sacramento but upstream 

of the first major river junction where Sutter Slough branches from the Sacramento River.  The North 

Delta Diversion can divert a maximum discharge of 9,000 ft3/s from the Sacramento River, which 

reduces the amount of inflow into the Delta. 

In this report, we conduct two analyses to investigate the effect of the North Delta Diversion and 

its proposed operation on entrainment of juvenile Chinook salmon (Oncorhynchus tshawytscha) into 

Georgiana Slough and the Delta Cross Channel.  Fish that enter the interior Delta (the network of 

channels to the south of the Sacramento River) via Georgiana Slough and the Delta Cross Channel 

survive at lower rates than fish that use other migration routes (Sacramento River, Sutter Slough, and 

Steamboat Slough; Perry and others 2010).  Therefore, of concern is the extent to which operation of the 

North Delta Diversion increases the proportion of the population entering the interior Delta, which 

would lower overall survival through the Delta by increasing the fraction of the population subject to 

lower survival rates. 

In the first analysis, we evaluate the effect of the NDD bypass rules on flow reversals of the 

Sacramento River below Georgiana Slough.  The NDD bypass rules are a set of operational criteria 

designed to minimize upstream transport of fish into Georgiana Slough and Delta Cross Channel, and 

were developed based on previous studies showing that the magnitude and duration of flow reversals 

increase the proportion of fish entering Georgiana Slough and the Delta Cross Channel (Perry and 

others, 2015; Perry, 2010). We estimated the frequency and duration of reverse-flow conditions of the 

Sacramento River downstream of Georgiana Slough under each of the prescribed minimum bypass 

flows described in the NDD bypass rules.  To accommodate adaptive levels of protection during 

different times of year when juvenile salmon are migrating through the Delta, the NDD bypass rules 

prescribe a series of minimum allowable bypass flows that vary depending on 1) month of the year and 

2) progressively decreasing levels of protection following a pulse flow event. 

We found that the NDD bypass rules increased the frequency and duration of reverse flows of 

the Sacramento River downstream of Georgiana Slough, with the magnitude of increase varying among 

scenarios.  Constant low-level pumping, the most protective bypass rule that limits diversion to 10% of 

the maximum diversion and is implemented following a pulse-flow event, led to the smallest increase in 
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frequency and duration of flow reversals.  In contrast, we found that some scenarios led to sizeable 

increases in the fraction of the day with reverse flow.  The conditions under which the proportion of the 

day with reverse flow can increase by ²10 percentage points between October and June, when juvenile 

salmon are present in the Delta, include OctoberïNovember bypass rules and level 3 post-pulse 

operations from December through June.  These conditions would be expected to increase the 

proportion of juvenile salmon entering the interior Delta via Georgiana Slough. 

In the second analysis, we evaluated the effect of the North Delta Diversion on the daily 

probability of fish entering Georgiana Slough and Delta Cross Channel.  We applied the entrainment 

probability model of Perry and others (2015) to 15-minute flow data for an 82-year time series of flows 

simulated by DSM2 (Delta Simulation Model 2) under the Proposed Action (PA) and the No Action 

Alternative (NAA).  To estimate the daily fraction of fish entering each river channel, entrainment 

probabilities were averaged over each day.  To evaluate the two scenarios, we then compared mean 

annual entrainment probabilities by month, water year classification, and three different assumed run 

timings. 

 

Effect of the North Delta Diversion Bypass Rules on Flow Reversal of the 
Sacramento River below Georgiana Slough 

Introduction 

This analysis investigates the effects of the North Delta Diversion (NDD) bypass rules (Table 

3.4.1ï2 in DWR, 2013) on the frequency and duration of reverse flows of the Sacramento below 

Georgiana Slough.  One goal of the NDD bypass rules is to provide bypass flows that prevent an 

increase in upstream transport of fish into Georgiana Slough and the Delta Cross Channel (DCC).  

Bypass flows are defined as flow remaining in the Sacramento River downstream of the North Delta 

Diversion.  These rules were developed based on previous research and understanding of reverse-flow 

hydrodynamics at this river junction.  Research has shown that the entrainment probability of juvenile 

Chinook salmon (Oncorhynchus tshawytscha) into Georgiana Slough and the Delta Cross Channel is 

highest during reverse-flow flood tides (Perry and others, 2015).  Furthermore, the daily proportion of 

fish entrained into Georgiana Slough increases with the fraction of the day in a reverse flow condition at 

the Sacramento River downstream of Georgiana Slough (Perry, 2010).  Consequently, diverting water 

from the Sacramento River could increase the frequency and duration of reverse-flow conditions, 

thereby reducing survival by increasing the proportion of fish entrained into the interior Delta where 

survival probabilities are lower than in the Sacramento River (Perry and others, 2010, 2013). 

The NDD bypass rules are also designed to provide more protection during times of the year 

when juvenile salmon populations are actively migrating through the Delta (primarily December 

through June) and during pulse flow events when endangered winter-run Chinook salmon are likely to 

initiate downstream migration into the Delta (del Rosario and others, 2013).  To accommodate adaptive 

levels of protection, the NDD bypass rules prescribe a series of minimum allowable bypass flows that 

vary depending on 1) month of the year and 2) progressively decreasing levels of protection following a 

pulse flow event.  For modeling purposes, pulse-events are defined based on discharge of the 

Sacramento River at Wilkins Slough, and minimum bypass levels are based on varying fractions of 

discharge of the Sacramento River arriving at the North Delta Diversion (see Table 3.4.1ï2 in DWR, 

2013 for details). For operational purposes, pulse events wil l be based on monitoring for the presence of 

winter-run sized fish entering the reach. 
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Our goal was to estimate the frequency and duration of reverse-flow conditions of the 

Sacramento River downstream of Georgiana Slough under each of the prescribed minimum bypass 

flows described in the NDD bypass rules Table 3.4.1ï2.  First, we used historical flow data of the 

Sacramento River downstream of Georgiana Slough (WGB; USGS Gage 11447905) to estimate the 

effect of discharge of the Sacramento River at Freeport (FPT; USGS Gage 11447650) on 1) the daily 

probability of a flow reversal, and 2) the daily proportion of each day with reverse flow.  We then used 

these relationships to calculate the change in the probability of a flow reversal and the proportion of the 

day with reverse flow under each of the prescribed bypass flows described in the NDD bypass rules.  

This analysis assumes that 1) the NDD bypass rules are applied based on mean daily discharge at 

Freeport, and 2) that water is diverted at a constant discharge over an entire day such that the bypass 

flow is constant over the day.  In other words, we assume that the bypass is operated as strictly defined 

by the NDD bypass rules.  We do not attempt to simulate ñreal time managementò such as varying 

diversion flow at hourly timescales in response to in situ tidal conditions to prevent reverse flows.  Such 

real-time management criteria have yet to be defined, and we therefore expand on this topic in the 

discussion. 

Methods 

We used logistic regression to quantify the relationship between Sacramento River inflows to the 

Delta and reverse flows of the Sacramento River downstream of Georgiana Slough.  Mean daily 

discharge at Freeport, 15-min discharge data at station WGB, and the daily position of the Delta Cross 

Channel (DCC) gate for the period October 2007 to March 2015 were used in the analysis.  The 15-min 

data at WGB was summarized to two daily statistics: 1) a binary indicator value that was set to one if 

reverse flow occurred at any point on a given day and set to zero if all 15-min flows were positive, and 

2) the number of 15-min flow observations for each day that were negative.  The position of the DCC 

gate was coded as a binary indicator variable (1 = open, 0 = closed) for inclusion in the analysis.  Dates 

without a complete record of 15-min flows at WGB or where the DCC gate was not open or closed for 

the entire day were excluded from the analysis. 

To estimate the probability of a flow reversal occurring on a given day, we fit a logistic 

regression model to the binary indicator variable described above as a function of daily flow at Freeport: 

P(reverse) = logit-1(a0 + a1QFPT) 

where logit-1 is the inverse logit function, QFPT is mean daily discharge at Freeport, a0 is the intercept, 

and a1 is the slope.  We excluded the DCC gate position from this analysis because we found that flow 

reversals always occurred for some part of the day when the DCC was open (i.e., P(reverse) = 1 for 

DCC open).  Therefore, the analysis was restricted to days when the DCC was closed. 

To estimate the proportion of the day with reverse flow as a function of Freeport flow, we fit a 

logistic regression model to the number of 15-min reverse flows on each day relative to the total number 

15-min flow observations each day: 

Pday(reverse) = logit-1(b0 + b1QFPT) 

where b0 is the intercept and b1 is the slope.  This analysis was conducted separately for periods with the 

DCC gate open and closed. 

 Given the relationships estimating the effect of Freeport discharge on the frequency (P(reverse)) 

and duration (Pday(reverse)) of flow reversals, we applied the bypass rules over a range of Freeport 

discharge from 5,000 to 35,000 ft3/s, which bracketed flows under which we observed a 100% 

probability of a flow reversal to a 0% probability of a flow reversal.  We compared the probability of 

flow reversal and the proportion of the day with flow reversals assuming no diversion and diversion 

under the NDD bypass rules with the DCC closed.  We then calculated the difference in these statistics 

http://waterdata.usgs.gov/ca/nwis/uv/?site_no=11447905&PARAmeter_cd=00065,00060
http://waterdata.usgs.gov/usa/nwis/uv?site_no=11447650
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between no diversion and that prescribed under the NDD bypass rules to assess the magnitude of 

increase in the frequency and duration of reverse flows.  Specifically, we performed this comparison for 

the 12 scenarios described under the NDD bypass rules: 

1) Constant low-level pumping 

2) OctoberïNovember bypass rules 

3) Level 1, 2, and 3 post-pulse operations for DecemberïApril  

4) Level 1, 2, and 3 post-pulse operations for May 

5) Level 1, 2, and 3 post-pulse operations for June 

6) JulyïSeptember bypass rules 

Results 

We found the probability of a flow reversal declined from one at about 12,500 ft3/s to zero at 

about 22,500 ft3/s (fig. 1).  We found that the proportion of day with negative flow was about 45 percent 

at a Freeport discharge of about 6,000 ft3/s regardless of the DCC gate position (fig. 2).  However, DCC 

gate position had a strong effect on the rate of change in the proportion of the day with reverse flows 

(table 1).  As Freeport discharge increased over 6,000 ft3/s, the fraction of the day with reverse flows 

decreased much more sharply with the DCC closed relative to open (fig. 2). 

Table 1. Parameter estimates for the three logistic regression models used to estimate frequency and duration of 
flow reversals of the Sacramento River downstream of Georgiana Slough as a function of mean daily discharge at 
Freeport. 
[DCC, Delta Cross Channel; SE, standard error; P, probability] 

Response variable DCC position Intercept (SE) Slope (SE) 

P(reverse) Closed 17.92 (1.567) -1.017e-03 (9.001e-05) 

Pday(reverse) Closed   0.13 (0.022)  -5.837e-05 (1.600e-06) 

 Open   1.37 (0.027) -2.409e-04 (2.477e-06) 

 

We found that the NDD bypass rules, as implemented under the assumptions of our simulation, 

increased the frequency and duration of reverse flows of the Sacramento River downstream of 

Georgiana Slough, with the magnitude of increase varying among scenarios (figs. 2ï13).  Constant low-

level pumping, the most protective bypass rule, led to the smallest increase in frequency and duration of 

flow reversals (fig. 2).  For example, the probability of a flow reversal increased by a maximum of 22 

percentage points at a Freeport discharge of 18,000 ft3/s, but the maximum increase in the proportion of 

the day with reverse flow increased by only 2.9 percentage points at a Freeport discharge of 10,000 ft3/s.  

In contrast, in DecemberïApril  when most populations of juvenile salmon are migrating through the 

Delta, level 3 post-pulse operations led to sizeable increases in the frequency and duration of flow 

reversals (fig. 6).  Under these conditions, the probability of a flow reversal occurring increased from a 

1 percent chance to a 99 percent chance at Freeport flows of 22,000 ft3/s.  More importantly, at this 

discharge, the proportion of each day with reverse flow increased by 12 percentage points from 0.019 to 

0.146 (fig. 6).  These conditions would be expected to increase the proportion of juvenile salmon 

entering Georgiana Slough. 

Juvenile salmon are also present in the Delta, albeit at lower abundances, during other periods 

with less restrictive bypass rules (e.g., May, and OctoberïNovember).  Under OctoberïNovember 

bypass rules, the proportion of the day with reverse flow increased by a maximum of 34 percentage 

points at a Freeport discharge of 16,000 ft3/s (fig. 3).  Under level 3 post-pulse operations in May, the 
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proportion of the day with reverse flow is expected to increase by a maximum of 14.3 percentage points 

at a Freeport discharge of 21,400 ft3/s. 

 

Figure 1. Effect of discharge at Freeport on frequency and duration of flow reversals.  Top panel shows the 
effect of the mean daily discharge (cfs; cubic feet per second) at Freeport on the probability of a flow reversal 
occurring on a given day at the USGS gage in the Sacramento River just downstream of Georgiana Slough with the 
Delta Cross Channel (DCC) gate closed.  The bottom panel shows the fraction of each day with reversing flow as a 
function of DCC gate position and mean daily discharge at Freeport.  
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Figure 2. Effect of North Delta Diversion (NDD) on bypass discharge, probability of flow reversal, and proportion 
of the day with reverse flow for constant low-level pumping as defined in the NDD bypass rules.  In the top panel, 
the dotted line shows bypass discharge when diversion discharge is zero.  
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Figure 3. Effect of North Delta Diversion (NDD) on bypass discharge, probability of flow reversal, and proportion 
of the day with reverse flow for OctoberïNovember as defined in the NDD bypass rules.  In the top panel, the 
dotted line shows bypass discharge when diversion discharge is zero.  
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Figure 4. Effect of North Delta Diversion (NDD) on bypass discharge, probability of flow reversal, and proportion 
of the day with reverse flow for Level 1 post-pulse operations in DecemberïApril as defined in the NDD bypass 
rules.  In the top panel, the dotted line shows bypass discharge when diversion discharge is zero.  
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Figure 5. Effect of North Delta Diversion (NDD) on bypass discharge, probability of flow reversal, and proportion 
of the day with reverse flow for Level 2 post-pulse operations in DecemberïApril as defined in the NDD bypass 
rules.  In the top panel, the dotted line shows bypass discharge when diversion discharge is zero.  
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Figure 6. Effect of North Delta Diversion (NDD) on bypass discharge, probability of flow reversal, and proportion 
of the day with reverse flow for Level 3 post-pulse operations in DecemberïApril as defined in the NDD bypass 
rules.  In the top panel, the dotted line shows bypass discharge when diversion discharge is zero.  


